Enterococcus faecalis plasmid pAD1 is a 60-kb conjugative, low-copy-number plasmid that encodes a mating response to the peptide sex pheromone cAD1 and a cytolytic exotoxin that contributes to virulence. Although aspects of conjugation have been studied extensively, relatively little is known about the control of pAD1 maintenance. Previous work on pAD1 identified a 5-kb region of DNA sufficient to support replication, copy control, and stable inheritance (K. pAD1 is representative of a large and globally disseminated family of conjugative plasmids in Enterococcus faecalis. It is a 60-kb, low-copy-number (one to four copies per chromosome) element that encodes a mating response to the peptide sex pheromone cAD1. It also determines a virulence-related cytolytic (hemolysin/bacteriocin) exotoxin, as well as resistance to UV light. (For recent reviews of pheromone-responding plasmids, see references 6, 7, and 8.) Although aspects of conjugation have been studied extensively, much less is known about the control of pAD1 replication and maintenance. A previous investigation of pAD1 identified a 5-kb region of DNA able to support replication, copy control, and stable inheritance, and it was found that three determinants, designated repA, repB, and repC, were necessary for normal maintenance (46). Data suggested that RepA (336 amino acids) was involved in replication initiation whereas RepB (281 amino acids) and RepC (123 amino acids) were involved in maintaining copy number and stability. As illustrated in Fig. 1 , the repA and repB determinants diverge and are separated by a series of iterons, whereas repC is immediately downstream of, and probably transcribed together with, repB. The iterons correspond to two groups of octanucleotide repeats with the sequence TAGTARRR: 13 iterons and 12 iterons are separated by a 75-bp AT-rich (80%) "spacer." There are also three tandemly arranged iterons located downstream of repC.
pAD1 is representative of a large and globally disseminated family of conjugative plasmids in Enterococcus faecalis. It is a 60-kb, low-copy-number (one to four copies per chromosome) element that encodes a mating response to the peptide sex pheromone cAD1. It also determines a virulence-related cytolytic (hemolysin/bacteriocin) exotoxin, as well as resistance to UV light. (For recent reviews of pheromone-responding plasmids, see references 6, 7, and 8.) Although aspects of conjugation have been studied extensively, much less is known about the control of pAD1 replication and maintenance. A previous investigation of pAD1 identified a 5-kb region of DNA able to support replication, copy control, and stable inheritance, and it was found that three determinants, designated repA, repB, and repC, were necessary for normal maintenance (46) . Data suggested that RepA (336 amino acids) was involved in replication initiation whereas RepB (281 amino acids) and RepC (123 amino acids) were involved in maintaining copy number and stability. As illustrated in Fig. 1 , the repA and repB determinants diverge and are separated by a series of iterons, whereas repC is immediately downstream of, and probably transcribed together with, repB. The iterons correspond to two groups of octanucleotide repeats with the sequence TAGTARRR: 13 iterons and 12 iterons are separated by a 75-bp AT-rich (80%) "spacer." There are also three tandemly arranged iterons located downstream of repC.
Recently, the pAD1 replication initiator (RepA) and the origin of vegetative replication (oriV) were identified and characterized (15) . It was found that repA alone, under an artificial promoter, was sufficient for replication when cloned on a plasmid devoid of replication ability. The chimera maintained itself at a high copy number (20 to 30 copies per chromosome), in contrast to the low copy number of intact pAD1. In addition, the replication origin was found to be located within a 170-bp segment of repA, which alone could facilitate replication in cis as long as RepA was provided in trans. RepA was also found to bind specifically to several sites containing inverted-repeat sequences within oriV and bound nonspecifically to singlestranded DNA (15) .
Whereas RepA alone was able to support replication, the high-copy-number repA chimera was not highly stable in that after 30 generations of unselected growth in broth about 60% of the cells were observed to have lost the plasmid (15) ; an efficient partitioning system was clearly missing. Good candidates for components of a partition system in the intact pAD1 are the iterons adjacent to repA, together with the products of repB and repC. A BLAST search indicated that RepB has significant homology with members of the "ParA" family of partition proteins, including the essential Walker motifs associated with ATPase activity (38) , and although a RepC search revealed no significant group of homologues, it did show ho-mology with a similarly small replication-associated protein encoded by pTE15 (32% identity and 59% similarity; accession number AAC02984). repC would not be inconsistent with a ParB-like component, as such elements frequently do not exhibit homology (20) . Since partitioning systems frequently include a cis-acting site consisting of a series of repeat sequences, it appears reasonable that the iterons adjacent to repB may be part of such an apparatus. The present study provides data indicating that repB, repC, and the iterons of pAD1 indeed represent an active partitioning system.
(Much of the information reported here was part of a communication presented at the 2nd International ASM-FEMS Conference on Enterococci, Helsingor, Denmark, 2005, by M. V. Francia.)
MATERIALS AND METHODS
Bacterial strains, plasmids, oligonucleotides, media, and culture conditions. The Escherichia coli K-12 and E. faecalis strains, plasmids, and synthetic oligonucleotides used in this study are listed in Tables 1 and 2 . E. faecalis strains were grown in Todd-Hewitt broth (THB) (Difco Laboratories, Detroit, MI) at 37°C. E. coli strains were grown in Luria-Bertani (LB) broth (42) . Plating was on THB or LB agar, respectively. The following antibiotics were used at the indicated concentrations for E. faecalis: erythromycin, 20 g/ml; chloramphenicol, 20 g/ ml; rifampin, 25 g/ml; and fusidic acid, 25 g/ml. For E. coli, the concentrations were as follows: ampicillin, 100 g/ml; kanamycin, 50 g/ml; chloramphenicol, 25 g/ml; erythromycin, 200 g/ml; and nalidixic acid, 20 g/ml. All antibiotics were obtained from Sigma Chemical Co. X-Gal (5-bromo-4-chloro-3-indolyl-D-galactopyranoside) and IPTG (isopropyl-␤-D-thiogalactoside) were from Invitrogen and were used at concentrations of 40 g/ml and 1 mM, respectively. Standard molecular techniques. Recombinant plasmids were generated in E. coli DH5␣. Introduction of plasmid DNA into bacterial cells was by transformation, as previously described (9, 22) . Electrotransformation of E. faecalis was as described by Flannagan and Clewell (13) . Plasmid DNA was purified from E. coli using established techniques described elsewhere (42) . Isolation of plasmid DNA from E. faecalis was also as previously described (45) . When necessary, DNA fragments were purified with silica gel, as described by Boyle and Lew (5) . Recombinant DNA methodology, as well as analyses of plasmid DNA using restriction enzymes and agarose gel electrophoresis, involved procedures described by Sambrook et al. (42) . Restriction enzymes were purchased from Roche, and reactions were carried out under the conditions recommended by the manufacturers. PCR was performed with a Perkin-Elmer Cetus apparatus under conditions recommended by the manufacturer. Specific primers were purchased from Invitrogen and Taq DNA polymerase from Bioline. PCR-generated fragments were purified by using QIAquick spin columns (Qiagen). Ligations made use of T4 DNA ligase from New England Biolabs. Nucleotide sequence analyses were carried out at either the University of Michigan or the Hospital Universitario Marqués de Valdecilla sequencing core facility or using the "fmol DNA cycle-sequencing system" as specified by the manufacturer (Promega).
Plasmid constructions. Different segments of pAD1 included in the replication-maintenance region were amplified by PCR from template pAM714 using the oligonucleotides indicated in Table 2 and cloned into pTAd (Clontech) via TA cloning. From there, XbaI/HindIII fragments representing either the complete pAD1 repA-repB intergenic (iteron-containing) region (It), the repA upstream iteron region (ItA), the repB upstream iteron region (ItB), or the repC downstream iteron region (ItC) were subcloned into the E. faecalis-E. coli shuttle vector pAM434brepA (abbreviated here as pA) (15) , generating the plasmid pAIt or pAItC, respectively (Fig. 1 ). An XbaI/BamHI It DNA fragment was subcloned into pAM401 (49) , generating plasmid pAM401It. The repB and repC coding sequences in pAM401 were cloned in several steps. The fragment repB repC contained in pTAd (Clontech) was generated by digestion using the restriction enzymes EagI/NruI, purified, and cloned in the BsaI and Eco47III sites of pSU18b* (15) . Next, the SalI/XbaI fragment, which now contained the genes behind the modified bac promoter, was subcloned into pAM401, generating the plasmid pAM401brepBrepC. pAM401b was obtained by subcloning instead the SalI/XbaI fragment, which contained only the modified bac promoter derived from pSU18b*. The corresponding plasmid derivatives containing repB and repC mutants, pAM401brepB(Ϫ)repC and pAM401brepBrepC(Ϫ), were obtained by NdeI or BamHI digestion, respectively; filling with Klenow; and religation. A fragment of DNA containing the repC sequence was amplified by PCR from pAM714 using the primers ETrepC.1 and ETrepC.2, digested with NdeI and XhoI, and cloned into the same sites of pET30c to construct the plasmid pET30RepC. In the expression vector pET30, RepC is under the control of the T7 promoter. All the constructions were confirmed by DNA sequencing.
Stability assays. Stability assays were performed in E. faecalis JH2-2. Test plasmids were transformed into the bacterial hosts and spread onto THB agar plates containing the appropriate antibiotics. A fresh transformant was used to inoculate a flask of 10 ml of THB containing antibiotics, and the culture was grown to late log phase. Ten microliters of the culture was then inoculated into 10 ml of prewarmed THB lacking the corresponding antibiotics and grown for 30 generations, at which time a sample of the culture was spread onto nonselective medium. About 300 colonies were picked and tested for plasmid retention by stabbing them into selective media. The data shown represent the average of at least two independent experiments. Protein purification and analysis. The His-tagged RepC fusion protein was purified from the derivative C41 of E. coli BL21(DE3) (34) induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) by a Ni-agarose column as described in the manufacturer's instructions (QIAGEN GmbH). The Strep-tagged fusion protein RepB was purified from recombinant E. coli JM83 induced with 1 mM IPTG by a streptavidin-immobilized column as described in the manufacturer's instructions (Boehringer Mannheim). All protein preparations used in DNA-binding studies were at least 90% pure based on sodium dodecyl sulfate- polyacrylamide gel electrophoresis estimates, according to the method of Laemmli (31) . Gels were stained with Coomassie brilliant blue R-250. DNA-binding experiments. Double-stranded DNA containing iteron repeat fragments for binding assays was generated as previously described (15) . Gel mobility shift assays were performed basically as described previously (15) . Briefly, labeled DNA fragments (1 pmol) were incubated with various amounts of either RepC, RepB, or both protein preparations, as indicated, for 15 min at 30°C in 20-l volumes containing 50 mM Tris, pH 7.5, 100 mM NaCl, 0.2 mM EDTA, 5% glycerol, 1 mM dithiothreitol, 1.5 g poly(dI-dC) DNA, and 0.7 g of bovine serum albumin. Unlabeled competitor DNA fragments and/or specific antibodies or 1 mM of ATP or ATP␥S was also used as indicated. After the incubation period, the binding reaction mixtures were placed on ice, loaded onto a 5% prerun polyacrylamide gel, and electrophoresed at room temperature in 0.5ϫ Tris-borate-EDTA buffer. After electrophoresis, the gel was dried on Whatman 3MM paper and exposed to X-ray film at Ϫ70°C using an intensifying screen.
DNase I footprinting assays were carried out as described elsewhere (16) . The same DNA fragments containing the iteron repeats that were used in the mobility assays were also used in DNase I protection assays; however, the fragments were labeled at only one end. Two picomoles of labeled DNA aliquots was incubated with various amounts of either purified RepC, RepB, or both, as indicated, in a buffer containing 50 mM Tris (pH 7.5), 100 mM NaCl, 5 mM MgCl 2 , 1 mM CaCl 2 , 5% glycerol, 1 mM dithiothreitol, 1 mM ATP, 0.2 mM EDTA, 1.5 g of poly(dI-dC) DNA, and 0.7 g of bovine serum albumin in a 20-l final volume for 15 to 20 min at 30°C. Then, 10 Ϫ3 DNase I Kunitz units were added to each binding reaction mixture and incubated for 15 min at 30°C. The resulting products were separated on 6% polyacrylamide sequencing gels and visualized by autoradiography.
RESULTS

RepB and RepC operate in trans on cis-acting iterons.
To analyze the components of the hypothesized pAD1 partitioning system, we constructed a series of plasmids carrying parts of the related region and examined the effects on plasmid stability. The vector used to test stability was pA (Fig. 2) . pA is the previously reported (15) high-copy-number plasmid chimera (4.6 kb) containing repA under an artificial promoter (a variant form of a bacteriocin promoter in which the Ϫ10 box contained CATAAT rather than TATAAT). pA contains a multiple cloning site, and it is able to replicate efficiently and express resistance to erythromycin in both E. coli and E. faecalis. Insertion of an XbaI/HindIII fragment containing various iteron representations (created by PCR; see Materials and Methods) into the multiple cloning site generated the plasmids pAIt, pAItA, pAItB, and pAItC ( Fig. 1 and 2 ). DNA containing the repB and repC determinants or segments containing a mutation in one determinant or the other were cloned in the compatible plasmid pAM401b downstream of the engineered bac promoter (Fig. 2) . After the two types of plasmids were combined, selection for the pAM401b derivatives was maintained using chloramphenicol to determine the stability of the pA derivatives. As seen in Table 3 , the insertion of the XbaI/ HindIII fragments containing any of the four iteron represen- At least 300 colonies were tested in each case.
b Measured as the percentage of plasmid retention after 30 generations of nonselected growth, it represents the average of two independent experiments. At least 300 colonies were tested in each case.
c The repB open reading frame was disrupted by a frameshift in the NdeI restriction site.
d The repC open reading frame was disrupted by a frameshift in the BamHI restriction site.
e ND, not determined.
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on October 15, 2017 by guest http://jb.asm.org/ tations resulted in a major destabilization of the plasmid in the absence of repB and repC. After 30 generations in broth without selection, the pA derivatives were lost from 99% or more of the population. Without the iterons present, the plasmid (i.e., pA) was lost from only 60% of the cells. The presence of both RepB and RepC in trans (plasmid pAM401brepBrepC) led to a major restabilization of the plasmids containing the iterons, except for pAItC, which contained only three iteron repeats. Indeed, stability was significantly greater than even that of the pA plasmid devoid of iterons, i.e., loss by only 1 to 18% of the cells (Table 3 ). The stability of iteron-free pA was not affected when both RepB and RepC were provided in trans. Although the destabilization of the pA derivatives was surprising, it is clear that regions of DNA containing 12 tandem iterons or more are sufficient to ensure plasmid stabilization by the RepB and RepC proteins and appear to constitute centromere-like sites. In contrast, the pAItC chimera, which contained only three iteron sequences, was not stabilized by these proteins. A frameshift mutation in repC (see Material and Methods) resulted in loss of pAIt stability (Ͼ99% loss), whereas a frameshift mutation in repB resulted in a 35% retention rate for pAIt ( Table 3 ), indicating that both protein products were needed for maximal stabilization. It is interesting that when RepB was absent but RepC was present, segregation of pAIt was similar to that of pA, suggesting that an interaction of RepC alone with iterons is enough to neutralize the iteron-promoted destabilization but not enough to further stabilize the plasmid.
It is not clear why the presence of iterons resulted in a major destabilization; conceivably it derived from interaction with a host-or plasmid-encoded product or even a structural effect caused by the repeats themselves. To further examine this question, the It fragment ( Fig. 1) was cloned in pAM401, a commonly used E. coli-E. faecalis shuttle vector (49) , giving rise to pAM401It, and its stability was tested. No significant differences were observed compared to the iteron-free pAM401 (15% versus 18% plasmid retention, respectively), implying that neither the repeats themselves nor their interaction with a host factor is responsible for plasmid destabilization. A likely candidate for a protein interacting with iterons and destabilizing the plasmid is therefore the RepA product encoded by the pA derivatives. In this respect, the ability of RepC alone to stabilize pAIt to the level of pA would be due to interference with RepA binding to the iterons, not a legitimate partition effect. Both, RepB and RepC are needed for stabilization beyond the basal level of vector stability, and therefore, both are required for active partitioning of pAD1. Alternatively, the differences in the effects of the iterons on pA and pAM401 may be due to different mechanisms of replicon function or differences in the distances of the inserted iterons from the replicon.
To determine if the apparent partition system was functionally independent of a repA-controlled plasmid, a fragment containing the iterons, repB, and repC was cloned in the unrelated replicon pAM401 (49) to generate pDAK513 (Fig. 1) . In this case, stability studies showed that after 30 generations pDAK513 was maintained in approximately 90% of the population, in contrast to less than 20% in a control culture carrying "empty" pAM401 grown without selection, suggesting active partitioning.
RepC binds directly to the pAD1 iterons. It has been shown that ParB-like components from gram-negative systems recognize and bind to their corresponding centromeres. To determine if this is also the case for pAD1, RepC bearing a His tag at the C terminus was purified to more than 95% purity as described in Materials and Methods and examined using a gel band retardation technique for its ability to bind to iteron DNA. The protein was incubated with various 32 P-labeled linear DNA fragments, and the mixtures were subjected to polyacrylamide gel electrophoresis. Under these conditions, protein-DNA complexes migrate more slowly through the gel than free DNA fragments. The results, shown in Fig. 3A , indicate that a binding activity in the RepC preparation specifically recognized DNA containing the iteron repeats, forming a distinct retarded complex, independently of the iteron-containing fragment tested. In contrast, DNA not containing iterons but rather containing oriV was not significantly bound unless an elevated concentration of protein was used (in this case, a small amount of binding was evident and involved much less retardation). Although not shown, similarly prepared RepB, under the same conditions, did not bind any of the fragments tested. As can be seen in Fig. 3B , when the RepC concentration was decreased, a series of bands was resolved, suggesting there is cooperative binding to the iteron sequences on the DNA fragment. Although only shown for ItB, similar results were obtained for ItA and ItC fragments. The addition of unlabeled iteron-containing DNA exhibited competition resulting in reduced RepC binding to the related labeled DNA (Fig. 3C, lanes 3 to 6) , whereas addition of unlabeled oriVcontaining DNA showed no effect (lane 7). Supershift experiments using anti-His tag antibody showed that in fact the RepC protein participates in the DNA-protein complexes detected (Fig. 3C, lane 8) .
RepB does not bind to iterons directly but binds to the RepC-iteron complex. Although RepB did not bind directly to iteron-containing DNA fragments (see above), it did bind to RepC-iteron complexes in the presence of ATP (compare lanes 9 and 10 in Fig. 3C ). A similar complex was obtained in the presence of the nonhydrolysable ATP␥S (lane 11), implying that hydrolysis of ATP is not needed to maintain the complex. Again, although results are shown only for ItB, similar data were obtained using ItA and ItC.
Next, to examine the influence RepB might have on the cooperativity of RepC binding to the iterons, equimolar concentrations of RepB and RepC in the binding mixture were used. The formation of a smaller complex was now observed, presumably reflecting a RepB enhancement of the binding of one RepC molecule to one iteron repeat sequence (Fig. 3C,  compare lanes 12 and 13) , suggestive of loss of the RepC cooperativity described above. Thus, the relative RepB concentration appears to play an influential role in the binding of RepC to iterons.
Further evidence that RepC binds specifically to the iterons. Figure 4A shows the results of DNase I protection experiments conducted at two concentrations of protein (50 ng and 0.5 g). At the lower concentration of protein, no protection was observed; however, at the higher concentration, RepC was easily seen to have protected a region of DNA corresponding to the iteron repeats. In contrast, RepB exhibited no protection, which is consistent with the mobility shift results showing no direct interaction between RepB and the iterons. Due to RepC cooperative binding and the high number of repeats present in the DNA fragment used, we were unable to see if RepC showed preferential binding to any of the iteron repeats. As was shown in Fig. 3A , RepC still recognized and bound readily to DNA fragments containing just three iteron repeats (as ItC and opBC). When a shorter fragment of DNA containing only the last three repB-proximal iterons (opBC) (Fig. 1) was used in the DNase I footprinting assays, protection by RepC was still observed, and in the presence of both RepB and RepC, an extension in the region of protection corresponding to the inverted repeats upstream of repB was evident (Fig. 4B ). This extended protection was more clearly seen in the "lower strand" and is conceivably related to influence that RepB may have on the binding of RepC to the repB-proximal iteron, perhaps via a simultaneous interaction or effect on the inverted repeat.
Effect of change in the iteron number. pAD1 has been shown to undergo a reversible phase variation that results in a constitutive expression of conjugation functions (24, 41) . Vari- showing RepC-specific binding to the iteron repeats (ItB). Increasing amounts of specific unlabeled DNA fragments (1-, 10-, 50-, and 100-fold excess) were incubated with a fixed amount of purified protein as indicated at the top of the figure (lanes 3 to 6) . A 100-fold excess of unrelated unlabeled DNA (oriV) was incubated instead in lane 7. Supershift experiments using specific anti-His antibody incubation after the binding reaction are shown in lane 8. The effects of RepB in RepC recognition and binding in the absence or presence of 1 mM ATP or ATP␥S are shown in lanes 9, 10, and 11, respectively. The protein levels used were 50 ng of RepC with/without 1 g of RepB, as indicated at the top of the figure (lanes 2  to 11) . Five nanograms of RepC and 12.5 ng of RepB were used for the last two lanes, as also shown at the top. Free DNA forms and RepC-DNA or RepB-RepC-DNA complexes are indicated. Also, specific anti-His antibody-RepC-DNA complexes are shown.
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AN ACTIVE PARTITION SYSTEM FOR E. FAECALIS PLASMID pAD1 8551 FIG. 4 . DNase footprinting analysis of the RepC-iteron repeat interaction. One-end-labeled double-stranded DNA fragments containing the iteron repeats were incubated with purified RepC with or without purified RepB, and the binding reaction mixtures were then subjected to partial DNase I digestion and separated on a denaturing sequencing gel. (A) Interaction of RepC on the coding strand of the iteron DNA fragment ItA. Sequencing ladders T, C, G, and A generated using the same DNA fragment as a template and the fmol DNA cycle-sequencing system (Promega) are included (left lanes). Two picomoles of labeled DNA fragments was incubated alone or with various amounts of proteins as indicated at the top of the figure: 50 ng of purified RepC or 0.5 g of RepB (central lanes) and 0.5 g of RepC or 5 g of RepB, (right lanes) prior to DNase I digestion. DNase I protection was shown over the 13 iteron repeats contained in the DNA fragment tested, as indicated by the arrows on the left. (B) Interaction of RepC on the coding (left; "upper") and noncoding (right; "lower") strand of the iteron DNA fragment OpBC (Fig. 1) . Again, 2 picomoles of labeled DNA fragments was incubated alone or with increasing concentrations of purified RepC (5, 10, and 20 ng) and RepB ants are distinguishable by their colony morphologies, whereby cells that exhibit a "switched-on" conjugation system give rise to "dry" colonies (Dry c ) compared to the more "watery" colonies (Dry ϩ ) characteristic of the "switched-off" state. (The possible basis of this phenomenon is noted in Discussion below.) The spontaneous event occurs at a frequency of 10 Ϫ4 to 10 Ϫ3 and involves a change in the number of iterons located between repA and repB. For example, in the case of cells in the Dry c state, the cluster of 13 iterons may instead have 17 iterons (24) . In the present context, it was of interest to determine if the change in the number of iterons could affect stability, and the following experiment was conducted in an attempt to answer this question.
pAM88 is an E. coli vector unable to replicate in E. faecalis, but it carries a chloramphenicol resistance gene able to be expressed in gram-positive bacteria (15) . A 3-kb fragment, which contained pAD1 iterons, repB, and repC, as well as repA, was cloned into the multiple cloning site of pAM88, generating pAM88ABC (Table 1) , and introduced into JH2-2. A similar construct was generated using a fragment from a Dry c phase variant containing 17 iterons in place of the 13-iteron set (pAM88ABC17). When the stabilities of the two constructs were compared, the difference was only slight and thus of questionable significance. After 30 generations of unselected growth, there was 96% maintenance of pAM88ABC compared to 85% in the case of pAM88ABC17. A significant effect on stability would therefore not appear to be a consequence of phase variation, at least under the conditions tested.
DISCUSSION
Partitioning systems are ubiquitous among plasmids and frequently consist of two plasmid-encoded proteins, generically called ParA and ParB, that act in trans on a cis-acting centromere-like DNA site, sometimes called parS, to facilitate efficient partitioning (3, 10, 19, 20, 23) . ParB generally binds to the parS site, which frequently contains a number of repeat sequences, whereas ParA, an ATPase, interacts with the ParBcentromere complex. Significant homology is typical among the ParA proteins of different plasmid systems, but usually there is little, if any, similarity among ParB proteins. Most of the reported characterized systems have involved plasmids of gram-negative bacteria; however, similar functional systems among gram-positive bacteria have recently been identified (28, 48, 51) . Clearly, the results from the present study are consistent with RepB and RepC corresponding to pAD1 ParA and ParB, respectively, and the iterons correspond to the "centromere" (parS). Functional analyses showed that RepB and RepC acted in trans to efficiently stabilize a plasmid chimera containing iteron sequences. RepC was found to be absolutely necessary to stabilize a plasmid containing the pAD1 centromere. The very efficient partitioning that occurs with the additional presence of RepB is consistent with the latter protein serving to "connect" the DNA-RepC complex with a host segregation system, as suggested for other partition systems (19) . The observations were consistent with the in vitro data showing that RepC was able to bind to the iterons even in the absence of RepB, representing one of the initial steps in the formation of the pAD1 partition complex. Then, RepB (which was not itself able to bind to iterons) would bind to RepC-iteron complexes in the presence of ATP. Based on the general organization of pAD1 having a functional centromere upstream of the partitioning determinants and the characteristics of RepB (a ParA-like protein lacking an N-terminal HTH motif for DNA binding) and RepC (a relatively short ParB DNA-binding protein with a sequence unrelated to other known ParBlike components), the partitioning system fits most closely with the Type Ib category as defined by Gerdes et al. (20) . However, unlike the in typical type Ib systems, a set of three downstream iterons might also play a role in partitioning.
RepB-RepC-iteron complex formation was found to depend on the relative RepB concentration and the presence of ATP. RepB did not bind to the RepC-It complex in the absence of ATP, in contrast to what has been reported for TP228 partitioning, the paradigm of the Type Ib systems (1, 2) . Our data implying the importance of maintaining an appropriate RepC/ RepB ratio for partition are consistent with what has been reported previously for the corresponding components encoded by the well-studied F, P1, and TP228 systems (1, 4, 18, 32, 36, 37) . At a high RepC/RepB ratio, recruitment of RepB to the RepC-It complex occurred, and cooperative binding of RepC to the iteron repeats located on the same DNA fragment was maintained, as shown by the high-molecular-weight complexes obtained in the corresponding mobility shift assays. However, when this ratio was reduced to equimolar concentrations of both proteins, cooperativity was lost and RepC binding to just one iteron repeat appeared to be favored. RepB might therefore influence an intrinsic pairing activity of RepC, similar to what has been reported for the R1 par system (27) , allowing a step involving the "pairing" of plasmids prior to pAD1 segregation.
DNase I footprinting assays done using only the three iteron sequences closest to repB indicated that while RepC showed binding, the addition of RepB resulted in extended protection over inverted repeats that flanked the isolated repB-proximal iteron. Since this region includes the repBC promoter, it is conceivable that the interactions reflect a self-regulatory aspect of expression of the partitioning proteins. Indeed, a number of partitioning proteins are known to negatively regulate their own genes (19) . In this regard, preliminary experiments have shown that indeed, RepC represses the repBC promoter (fourfold) (M. V. Francia, unpublished data). Alternatively, it could represent a key process in the pAD1 partition mechanism. However, efficient partitioning by ItA alone seems to rule out this possibility, as similar inverted repeats are absent in ItA. As no obvious effects of ParA homologues on the mobility shift and/or the DNase I protection patterns were observed in Type Ib par systems (with the exception of TP228 mentioned above), some mechanistic differences among them are possible (1, 30, 51) .
pAD1 is believed to replicate by a theta-type mechanism based on its low copy number and the fact that RepA exhibits strong homology with initiator proteins associated with other theta replication plasmids (15) . Many low-copy-number plasmids have iteron sites located close to the initiator determinant, and in many cases, there is evidence that these sequences, along with an adjacent AT-rich segment of DNA, are involved in assembly of the replisome and represent the replication origin (29) . In the case of pAD1, however, as well as some other plasmids with RepA homologues, the origin of replica-tion, including specific repeat sequences, is located within the repA determinant (12, 15, 21, 43, 44) . The rather extensive iteron system of pAD1 with its two clusters separated by an AT-rich region (Fig. 1) was at first suggestive of a replication origin (46) ; subsequent analyses, however, demonstrated that this was not the case (15) . In this respect, the basis of a significant instability resulting from the presence of iterons in pA, in the absence of RepC, was not clear, but the fact that the addition of iterons to the unrelated pAM401 did not result in destabilizing the plasmid implied that it was not due to a host factor or a structural effect of the iterons. We are currently investigating the possibility that RepA might actually be involved in this phenomenon. If the iteron-enhanced instability of the pA iteron derivatives turns out to be related to RepA interaction with the iterons, such interaction might be related in some way to an autoregulation of repA expression. Other examples showing iterons involved in replication initiator expression control have been well documented in the literature (11) . In this sense, a possible coregulation of pAD1 replication and partitioning might be needed, as has been reported for the gram-negative R1 plasmid and the RepABC plasmids of Rhizobiaceae, to ensure plasmid segregation (33, 35, 39) .
In addition to their roles in partitioning, the pAD1 iteron arrays are also known to be connected with a phase variation event related to a reversible switching on of the expression of the pAD1 conjugation system at a frequency of about 10 Ϫ4 to 10 Ϫ3 (24). The phenomenon was found, surprisingly, to be associated with an increase in the number of iterons. Variants were noted in three independent cases to involve a 32-bp insertion corresponding to an increase from 13 to 17 of the octanucleotide iterons in the repA-proximal array. A fourth variant involved an insertion of a 31-bp duplication of the region that includes the isolated iteron in the repB promoter (24) . The basis of the connection between the iteron number and the expression of conjugation functions is not certain, although it was speculated that changes in the expression of one or more of the diverging flanking determinants may lead to binding of one of the protein products to iteron-like sequences located within traA, a key negative regulator of the conjugation system (17, 40) . From an evolutionary perspective, a mechanism by which changes in the iteron structure/number affects the conjugation potential could be advantageous. For example, such changes might have a negative effect on partitioning and reduce the stability of the plasmid, which could be compensated for by enhancement of plasmid survival via conjugation. In this regard, the stability of the repA-iteron-repB-repC region from a phase variant when cloned in pAM88 was only slightly, if at all, reduced (85% versus 96% loss); however, it should be kept in mind that the test system involved an "artificial" highcopy-number plasmid. It is conceivable that the stability of the wild-type low-copy-number pAD1 could be more sensitive to differences in the DNA structure.
Other pheromone-responding plasmids, such as pCF10, pPD1, and pAM373, are similar to pAD1 in that they have repA and repB homologues adjacent to a key negative regulator of conjugation equivalent to traA, and the presence of similar partitioning systems appears likely (47) . However, there is little if any similarity among their repC equivalents, a feature consistent with the fact that while iterons are present, they are very different in sequence and their numbers are much lower. The sequence differences among the ParB-like analogs of pheromone-responding plasmids and their respective iterons may have evolved as a strategy to ensure that coresident plasmids harboring these diverse partitioning systems are maintained and distributed accurately. (E. faecalis clinical isolates carrying more than two pheromone-responding plasmids have been described [6] .)
Plasmid partitioning systems play an important role in the survival of plasmids. The results reported here for pAD1, as well as two other recent reports (28, 51) , show that systems closely resembling those found in a number of gram-negative bacteria are also functional in at least some gram-positive organisms. The system of pAD1 characterized here represents the first among the widely disseminated enterococcal pheromone-responding plasmids.
